Accumulation of N-terminal fragments of mutant huntingtin (mHTT) in the cytoplasm, nuclei and axons of neurons is a hallmark of Huntington's disease (HD), although how these fragments negatively impact neurons remains unclear. We followed the distribution of mHTT in the striata of transgenic R6/2-J2 HD mice as their motor function declined. The fraction of cells with diffuse, perinuclear or intranuclear mHTT changed in parallel with decreasing motor function. In transgenic mice, medium spiny neurons (MSNs) that exhibited perinuclear inclusions expressed cell-cycle markers typically not seen in the striata of normal mice, and these cells are preferentially lost as disease progresses. Electron microscopy reveals that perinuclear inclusions disrupt the nuclear envelope. The progression of perinuclear inclusions being accompanied by cell-cycle activation and culminating in cell death was also observed in 1°cortical neurons. These observations provide a strong correlation between the subcellular location of mHTT, disruption of the nucleus, re-entry into the cell-cycle and eventual neuronal death. They also highlight the fact that the subcellular distribution of mHTT is highly dynamic such that the distribution of mHTT observed depends greatly on the stage of the disease being examined.
Introduction
Huntington's disease (HD) is caused by an expansion of CAG repeats in the huntingtin-encoding gene resulting in an expanded stretch of polyglutamine ( polyQ). In addition to causing pathology, this expansion of polyQ results in the formation of various forms of aggregates, including microscopically visible inclusions, although the extent to which these inclusions play a role in the disease process remains enigmatic. Accumulation of N-terminal fragments in the nuclei of HD brain cells has been suggested as contributing to pathology (1-7) although some of these studies also report large inclusions in the cytoplasm with accompanying pathology (4) . Studies finding that amelioration of disease can be achieved by the reduction of proteins that interact with cytoplasmic mHTT in R6/2 mice (8) further attest to the importance of cytoplasmic mHTT in the disease process. In some reports, cytoplasmic inclusions can be seen deforming the nucleus almost as if they were being 'endo-nucleosed' (9) (10) (11) . Still other studies suggest that the formation of inclusions may confer a cell survival advantage (12) , e.g. by capturing otherwise toxic intermediate aggregates. These conflicting reports emerge from very different levels of analysis ranging from cultured HeLa cells to intact animals and reflect the current ambiguity in the field as to the pathogenic consequences of mHTT inclusions in neuronal cells. Depending on the system being examined, it appears that HTT inclusions can be found in both the cytoplasm and the nucleus as well as in cellular processes (e.g. axons) and they may have different effects depending on location that have not yet been established.
To monitor the behavior of mHTT, we examined R6/2 mice that express the N-terminal exon 1 HTT peptide. Pathology in these mice closely parallels the pathology seen in patients. Further, inclusions observed in postmortem brain tissue only react with N-terminal HTT antibodies (13, 14) , and recent studies find that N-terminal fragments of mHTT are formed naturally as a consequence of both proteolytic cleavage (15) (16) (17) (18) (19) (20) and an expanded CAG-dependent aberrant splicing event, which produces naturally occurring HTT exon 1 fragments (21) . The potential of full-length and other longer HTT fragment models to be processed to smaller fragments can complicate interpretation of results. Although the R6/2 mouse exhibits particularly aggressive pathology, it does exhibit motor deficits that are less evident in full-length knock-in models (22) , it recapitulates the transcriptional changes observed in human HD brains (23) and it represents the smallest processing fragment described (24) , thus eliminating the potentially confounding problems of multiple processed fragments contributing to the events observed.
To better understand the natural history of inclusion formation in the intact mammalian brain and its relationship to pathology in CNS neurons, we followed the behavior of mHTT in transgenic mice during the period when motor function is declining to determine what subcellular events may correlate with progressive pathology. We find that the subcellular location of mHTT changes dynamically as pathology progresses with the fraction of cells exhibiting perinuclear inclusions (i.e. touching or almost touching the nuclear envelope, see Fig. 2 ) declining while the fraction with intranuclear inclusions increases. We find that perinuclear inclusions disrupt the nuclear membrane, which is accompanied by the activation of the cell cycle in terminally differentiated neurons, and that these events are associated with cell death. Additionally, in cultures of 1°neurons, cells containing perinuclear inclusions show activation of cell-cycle genes and accompanying cell death, whereas cells with intranuclear inclusions do not activate cell-cycle genes and remain viable, consistent with our observations in transgenic mice. Re-activation of the cell cycle in non-dividing neurons is known to trigger cell death pathways (25, 26) . The studies reported here with transgenic mice and cultured 1°neurons document the dynamic nature of mHTT subcellular distribution during disease progression and suggest a mechanism whereby mis-folded protein inclusions may contribute to degeneration of neurons by disrupting the nuclear envelope, activating the cell cycle and leading to slow progressive loss of neurons.
Results
Progressive loss of motor control accompanied by changes in the subcellular location of mHTT in the striata of HD mice
The R6/2-J2 transgenic mouse model of HD used in this study is derived from the original R6/2 mice with ∼150 Qs (27) and expresses human HTT exon 1 with ∼298 Q's (27) (28) (29) . In these mice, pathology progresses more slowly (29, 30) , thus allowing better separation between phases of pathogenesis. To understand the relationship between the behavior of mHTT proteins and progression of pathology in vivo, we followed the subcellular distribution of mHTT in the striata of these transgenic R6/2 mice.
Mice were tested for motor function between 10 and 36 weeks of age by testing their ability to remain on a rotating rod for ≥120 s (Fig. 1A) . Beginning at 20 weeks, rapid deterioration of motor function is evident, with death occurring by ∼38 weeks. Accordingly, we evaluated the status of mHTT in brain sections of R6/2 mice at 20, 28 and 36 weeks. For each time point, sections were prepared from 3 R6/2 and 3 wild-type (wt) mice, stained with the anti-mHTT antibody (EM48) and with antibodies against either NeuN [Neuronal Nuclei (31) ], DARPP32 (Dopamine-and cAMP-regulated neuronal PhosphoProtein), GFAP (Glial Fibrillary Acidic Protein) or ChAT (CHoline AcetylTransferase) to identify different cell types [neurons, dopaminergic medium spiny neurons (MSNs), astrocytes and cholinergic neurons, respectively]. All the cells from a given 63× objective field from every fifth section for a total of 10 sections/mouse were examined by confocal microscopy to evaluate cells in the striata, with 500-700 cells tabulated for each condition. Most cells in these sections stain positively for the neuronal marker NeuN (∼96%, Supplementary Material, Fig. S1A and Table S1A), and the bulk (∼93%) are also DARPP32 positive ( Table S1C and D).
The intracellular patterns of mHTT distribution change markedly with age. Striatal cells can be categorized into three groups: those with diffuse staining of mHTT, those with perinuclear mHTT inclusions and those with intranuclear inclusions ( Table S1B ). At 28 weeks, the distribution was 34, 5 and 61%, respectively, and by 36 weeks, this distribution had shifted to only 13% diffuse, 0% perinuclear and 87% with intranuclear inclusions (Supplementary Material, Fig. S1B ). During these 16 weeks, the fraction of cells showing any mHTT staining increased from 62 to 75 to 87%, but concurrently, the number of DARPP32(+) MSNs in the striatum decreased about 34% (∼2% per week) ( Fig. 1D ; Supplementary Material, Table S1B ). No decrease in DARPP32(+) cells was seen in the striata of wild-type mice during the same period. The decrease of striatal cells containing perinuclear inclusions and a reciprocal increase of striatal cells containing intranuclear inclusions (Fig. 1C) raise the possibility that either cytoplasmic, perinuclear inclusions can convert to nuclear inclusions or that striatal cells with perinuclear mHTT inclusions are preferentially eliminated during pathogenesis whereas cells with intranuclear inclusions are maintained.
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Perinuclear inclusions impinge on the nuclear envelope
To better understand the changes in the distribution of mHTT seen in the mouse striatal studies, we examined the distribution of mHTT in cultured HEK 293T and rat striatal (ST14A) cells transfected with mHTTex1p97Q-GFP or unexpanded HTTex1p25Q-GFP or GFP alone. Staining with nuclear pore complex (NPC) antibodies followed by optical sectioning was used to ascertain whether mHTTex1p97Q-GFP inclusions were inside, outside or adjacent to the nucleus. Ten different fields of view (63×) from each of 3 independent cell transfections and platings (30 total fields) were subjected to confocal sectioning and scoring for the location of mHTT inclusions. In cells expressing unexpanded HTTex1p25Q-GFP or GFP alone, diffuse staining appears in both the cytoplasm and the nucleus, and no inclusions were formed ( Fig. 2A and C) . On the other hand, as observed in the striata of R6/2 mice, cells transfected with mHTTex1p97Q-GFP presented with both nuclear and cytoplasmic inclusions as well as with diffuse staining at 24 h post-transfection ( Fig. 2A) . Sixteen percent of cells transfected with mHTTex1p97Q-GFP show diffuse mHTT protein throughout the cytoplasm and nucleus (type I, Fig. 2A ), whereas 73% exhibit cytoplasmic inclusions at various stages of interacting with the nucleus (types IIa, b, c; Fig. 2A and C) and 11% have inclusions inside the nucleus (type III; Fig. 2A and C) . Of the 73% of cells with cytoplasmic inclusions, only a few (4%) exhibit cytoplasmic inclusions that are not touching the nuclear envelope (type IIa; Fig. 2A and C) , whereas 25 and 43%, respectively, contain perinuclear inclusions in different stages of contact with the nucleus (types IIb; IIc; Fig. 2A and C) . Some cells have inclusions just touching the nuclear membrane that do not stain with NPC antibodies (type IIb) whereas in others, inclusions can be seen sinking into the nuclei with extensive NPC antibodies decorating their surface (type IIc). Inclusions in ST14A striatal cells were similar to those in HEK 293T cells with 50% of the ST14A cells transfected with mHTT97Q-GFP having inclusions impinging on the nucleus after 48 h with no free cytoplasmic inclusions and roughly half of these showing robust NPC staining (Supplementary Material, Fig. S2 ). Both 293T and ST14A cells transfected with mHTTex1p97Q-GFP or unexpanded HTTex1p25Q-GFP or GFP were scored at 24, 48 and 72 h posttransfection. The relative percentages of the different types of mHTT distribution remained basically unchanged except that the 48-h samples have more type IIa cells.
A 3D rendering illustrates that cytoplasmic inclusions can distort the nuclear envelopes to the point of being almost engulfed by the nucleus (Fig. 2B) . To rule out possible effects from the GFP tag, the mHTTex1p97Q-GFP peptide was tagged with a myc Fig. S2 ). In summary, ∼1200 cells from each of 3 time points with two labels (GFP and myc) in 2 different cell types (293T and ST14A) were examined with similar results. These observations build on previous observations showing perinuclear inclusions impinging on the nuclear envelope and cells with nuclear inclusions surviving (32) (33) (34) . Our analysis indicated that at least some of the perinuclear inclusions behave almost as if they were being engulfed by an 'endo-nucleolytic' mechanism but left open the question of whether the perinuclear inclusions can actually convert to intranuclear inclusions.
Nuclear and cytoplasmic inclusions do not interconvert
To determine whether cytoplasmic inclusions can convert to intranuclear inclusions, we followed the aggregation process by both immunostaining and GFP fluorescence using time-lapse microscopy in HEK 293T and rat striatal (ST14A) cells transfected with HTTex1p97Q-GFP. Cells expressing HTTex1p97Q-GFP wfere identified by the appearance of weak and diffuse GFP fluorescence 24 h after transfection, and they were followed by timelapse microscopy to track the aggregation process. The fates of 16 cells from 16 separate transfections were followed for 20-30 h ( Figure 3A . Half of the 16 cells exhibited an initially diffuse pattern of HTTex1p97Q-GFP in the cytoplasm that later coalesced to form cytoplasmic inclusion(s) (Fig. 3B ). Once an inclusion was seeded (3 : 00, Fig. 3B ), it proceeded to completely absorb all the diffuse material within ∼1 h (3 : 30, Fig. 3B ). These inclusions invariably progressed to impinge on the nuclear envelope(s) (3 : 30-10:00) typical of the type II distribution described in Figure 2 . Notably, three of these cells appeared to die between 11 and 20 h after formation of the cytoplasmic inclusions, based on their floating loose from the substrate and their nuclear envelope becoming indistinct (11 : 00, Fig. 3B ). In contrast, all five cells with diffuse HTTex1p97Q-GFP in the cytoplasm were still alive after 20-30 h of live imaging (not shown). Finally, 3 of the 16 cells initially presented with diffuse HTTex1p97Q-GFP in the cytoplasm and nucleus but then progressed to form inclusions inside the nucleus (type III cells). These cells survived for the duration of the analysis (at least 15-17 h after the formation of the nuclear inclusions was evident) (Fig. 2C) . Similar distributions and patterns of behavior were also seen in five transfected ST14A cells that were examined (not shown).
Despite the almost complete engulfment of some perinuclear inclusions by the nucleus (Fig. 2B ), cytoplasmic inclusions (type II) were never observed progressing to a nuclear inclusion (type III). Thus, cytosolic inclusions, once formed, stay in the cytoplasm and are not imported into the nucleus, even though they can distort the nucleus and become decorated with NPC proteins as previously seen in other cell types (32-34) (Figs 1B, 2B and 3B).
Cell death associated with perinuclear but not nuclear inclusion formation
To confirm the relationship between subcellular distribution of mHTT and cell fate, we used the cell-impermeant viability indicators ethidium homodimer-1 (EthD-1) and propidium iodide (PI) as death markers for HEK 293T cells at 48 h after transfection with HTTex1p97Q-GFP (Fig. 4) . For each dye, 3 separate transfections were stained and >500 cells scored for each dye. Almost 70% of cells had perinuclear inclusions whereas ∼13% had nuclear inclusions. Among the roughly 70% of cells with perinuclear inclusions, roughly half stained with EthD-1 (Fig. 4A) or PI (Fig. 4B ) suggesting progression to cell death, whereas 98% of cells with nuclear inclusions were able to exclude the dyes suggesting a high level of viability. Thus, 95% of dying cells had cytoplasmic perinuclear inclusions that were impinging upon and distorting the nucleus (Fig. 4A and B) . This is consistent with the apparently increased mortality of cells with perinuclear inclusions versus those with nuclear inclusions seen in Figure 3 .
Perinuclear inclusions disrupt the nuclear membrane
As large inclusions appear to plunge into and distort the nuclear envelope (Fig. 2B ) but apparently cannot convert to nuclear inclusions (Fig. 3) , we examined the interaction between the inclusion and the nuclear envelope in more detail. HEK 293T cells were fixed 48 h after transfection with HTTex1p97Q-GFP (three replicates) (Fig. 5A ) or HTTex1p97Q-myc (four replicates) (Fig. 5B ) and scanned to identify cells with perinuclear inclusions that were then examined by electron microscopy (EM). In 4 of 10 cells, we found perinuclear inclusions impinging on and distorting the nuclear membranes ( Fig. 5A and B ). Higher magnification views showed cells in various stages of nuclear disruption. 5Ac and Ad with Ae). The disruption of the nuclear envelope might result in part from disruption of the arrangement of the NPC proteins. We used immuno-electron microscopy to examine the arrangement of the nuclear pore proteins (12-nm particles, red dots in Fig. 5Bc, d and e) relative to either unexpanded HTTex1p25Q-myc (Fig. 5C ) or expanded HTTex1p97Q-myc (18-nm particles, black dots in Fig. 5B ). Unexpanded HTTex1p25Q-myc molecules were found throughout the cytoplasm and not co-localized with NPC proteins, which faithfully aligned with the nuclear membrane ( Fig. 5Cc and d) . In contrast, in the regions where an expanded mHTT inclusion was juxtaposed with the nuclear membrane, NPC proteins did not align with the nuclear membrane (Fig. 5Bd ) and the membrane layers could not be discerned in these regions. In addition, NPC proteins could be found intermingled with mHTT including on the opposite side of the inclusion from its contact point with the nuclear membrane (Fig. 5Bc ). In cells with perinuclear inclusions of expanded HTTex1p97Q-myc, the nuclei were irregular in shape, with the nuclear membranes partially surrounding the inclusions ( Fig. 5Aa and b) and NPC-positive particles found throughout the inclusion (red dots in Fig. 5Bc, d and e). The nuclear membrane in the area of contact with the inclusions was disorganized or missing (red box in Fig. 5Bb ; also see Fig. 5Bd, e) .
The combined confocal microscopy and EM data suggest that the bulk of mHTTex1p97Q-containing inclusions form in the cytoplasm where they eventually impinge on the nucleus, interact with nuclear pore proteins and disrupt the nuclear membrane.
Perinuclear inclusions are correlated with cell-cycle re-entry, and loss of MSNs in vivo
The time-lapse analysis ( Fig. 3B) and EthD-1 and PI staining data (Fig. 4) showed that cells with cytoplasmic perinuclear inclusions did not appear to divide and they accounted for most of the dead cells transfected with mHTTex1p97Q-GFP whereas cells with nuclear inclusions were seen to divide (Fig. 3A) and appeared to remain viable (Fig. 4) . FACS analysis of transfected HEK 293T cells suggested that cells with perinuclear inclusions impinging on the nuclear membrane exhibit an altered cell cycle that is not seen in any other fraction of mHTT-expressing cells (not shown).
To test for an impact on the cell cycle, brain sections from control and R6/2 mice were stained for mHTT and for the cell-cycle markers cyclin B1 (CycB1) or CDK5 (Fig. 6) . Cyclin B1 is a classic cell-cycle marker involved in Maturation Promoting Factor and nuclear envelope breakdown (35) whereas CDK5 is an atypical kinase that is often implicated in the process of neurons reentering the cell cycle (36) . It has been shown that almost all post-mitotic neurons, such as those found in the mouse striatum, remain in the G0/G1 phase of the cell cycle (37) and that neurons that reenter the cell-cycle arrest in G2/M and subsequently die (38, 39) . No CycB1-or CDK5-positive cell bodies were observed in over 1000 cells scored from 18 control mice (6 each at 20, 28 and 36 weeks). However, in the 90 sections examined from 3 different R6/2 mice, we found that all cells with perinuclear mHTT(+) inclusions were CycB1 positive at both 20 and 28 weeks (9 at 20 weeks and 5 at 28 weeks, Fig. 6A and Table 1 ). In contrast, no cells with diffuse mHTT or with intranuclear inclusions were positive for cell-cycle markers (Table 1) . Similarly, CDK5 was detected in all striatal cells with perinuclear inclusions in both 20-and 28-week-old mice, suggesting that the cytoplasmic perinuclear inclusions are strongly correlated with re-entry into the cell cycle (Fig. 6B and Table 2 ). Notably, no CycB1-or CDK5-positive cells or perinuclear inclusion-containing cells could be identified in the striatal sections of 36-week-old HD mice (Fig. 6A and B and Tables 1 and 2 ). The absence of cells containing perinuclear inclusions, CycB1, or CDK5 in the striata of 36-week-old HD mice is consistent with the hypothesis that these cells died, which may contribute to the gradual loss of striatal neurons observed in HD mice (13, 40) and the decrease in DARPP32-expressing cells over this time period in the R6/2 mice (Fig. 1D) .
Activation of the cell cycle in primary cortical neurons by perinuclear inclusions is accompanied by cell death inclusions, re-activation of the cell cycle and cell death, primary cortical neurons cultured from three E16.5 C57BL/6 mice were transfected with HTTex1p97Q-GFP at DIV 5, and cells were analyzed at DIV 7 by staining with DAPI (blue), anti-human HTT (green), anti-CDK5 (yellow) and EthD-1 (red) (Fig. 7) . Primary neurons with diffuse staining throughout the cell (∼19%) showed no evidence of CDK5 (Fig. 7) (36) . Similarly, primary cortical neurons with intranuclear inclusions (∼12%) showed no evidence of the cell-cycle markers, and they showed <2% cell death. In contrast, all cells with perinuclear inclusions impinging on the nuclear envelope were positive for CDK5 and roughly half of them were dying as determined by their inability to keep the vital EthD-1 dye from entering the cell (Fig. 7) . Thus, activation of the cell cycle and progression to death are strictly correlated with the presence of perinuclear inclusions impinging on the nuclear envelope both in primary cortical neurons (Fig. 7) and as inferred from the selective loss of perinuclear cells expressing cell-cycle markers in vivo (Fig. 6A and B and Tables 1 and 2 ).
Discussion
The nature of mHTT inclusions and current controversies Further, it has been found that exon 1 fragments (90aa) are produced naturally as a result of aberrant splicing in response to expanded CAG in patient tissues as well as in knock-in mice (21) . R6/2 mice express mHTT exon 1 (90aa) at ∼75% the level of normal HTT (27) so that the ratio of mHTT to normal HTT is not dramatically different than that expected in a heterozygous patient. They also exhibit motor deficits similar to those seen in patients in contrast to unanticipated behaviors initially seen in knock-in models of HD (22), they faithfully replicate the gene expression disruptions seen in patient material (23, 42, 43) and exon 1 represents the smallest naturally occurring fragment described (21, 24) . Because of these facts, and the fact that models of HD-expressing full-length or other long HTT fragments cannot readily be prevented from releasing smaller HTT peptides as a result of processing, we used the R6/2 model to examine the dynamics of mHTT behavior as disease progresses. However, because different models of HD can exhibit different timing and features of disease progression, the dynamics of mHTT behavior may differ in other models. Nevertheless, the observations made here are likely to inform the behavior of exon 1 fragments seen in patient material.
Whether the aggregation process and/or inclusions play a cytotoxic, neutral or neuroprotective role continues to be debated (4, 12, 44, 45) . Although numerous studies describe the formation of mHTT inclusions in the nucleus as well as in the cytoplasm of transfected cells in culture, the differential effects of intranuclear versus cytoplasmic inclusions remain unsettled (3,12,27,45-48 ). The difference between dye positive and dye negative cells with nuclear inclusions is statistically significant at P < 0.05 whereas the differences between the perinuclear and nuclear of each category is significant at P < 0.001. Scale bar = 5 μm.
The distribution and disposition of mHTT in the mouse brain is dynamic
Two key hallmarks of HD are (1) the slow progression of pathogenic symptoms including motor function loss and striatal cell loss and (2) the formation of mHTT inclusions in both the nucleus and cytoplasm. However, the mechanisms whereby mHTT can cause pathology and whether the subcellular distribution of mHTT remains constant or changes during the course of disease are not well known. Cells expressing mHTT can be grouped into three categories, i.e. those containing diffuse mHTT, cytoplasmic inclusions or intranuclear inclusions. This is consistent with previous studies in cultured cells (9) (10) (11) (12) 32, 49) and with histochemical analysis in vivo (50,51), which also found that inclusions can be either intranuclear or cytoplasmic and perinuclear, although quantitation was not provided. We find that the distribution and disposition of mHTT changes significantly in parallel with progressive loss of motor function in transgenic mice. As motor function is progressively lost, the number of cells with mHTT increases and the fraction of those cells with inclusions increases as well ( Fig. 1A and C ; Tables 1 and 2 , Supplementary Material, Table S1A-D). The declining number of cells with diffuse mHTT and increasing number with inclusions are consistent with mHTT accumulating slowly until levels reach the threshold required for seeding of inclusions (52) .
The cellular distribution of inclusions in striatal neurons also changes. As pathology progresses, the number of cells with intranuclear inclusions increases whereas the number with perinuclear inclusions decreases. The inability of cytoplasmic inclusions to become nuclear and the decreasing number of cells with perinuclear inclusions suggests that cells with perinuclear This raises the question of whether formation of nuclear versus cytoplasmic inclusions is an intrinsic and stochastic process or whether cellular factors influence the location of seeding. In the terminally differentiated cells of the mouse brain, the preference is for nuclear inclusions (Fig. 1C) whereas in dividing cells in culture (Fig. 2) , the preference is strongly for cytoplasmic inclusions. This is consistent with other observations suggesting that cellular parameters can play a role in dictating where inclusions form, with terminally differentiated tissues tending toward nuclear inclusions (53) (54) (55) . Identifying these components might allow one to manipulate the seeding process.
Perinuclear inclusions disrupt the nuclear membrane; nuclear inclusions do not
Although the factors that influence where inclusions will form remain unknown, when cytoplasmic seeding occurs, perinuclear inclusions eventually impinge on the nuclear membrane, cause local disruption of the nuclear envelope and become coated with NPC proteins (Fig. 2) . This is consistent with the reported potential of mHTT to interact directly with the nuclear pore, as demonstrated by complex formation between mHTT inclusions and nucleoporin-62 (Nup-62) (56). Brain sections of R6/2 mice of different ages (10 sections from each mouse; 3 mice for each combination of age, genotype and antibody, for a total of 36 mice) were analyzed by immunofluorescence co-staining with anti-human HTT and anti-CycB1 (Table 1) or anti-CDK5 (Table 2) as described in Figure 6 . The number of cells staining with a cellcycle marker among striatal cells in each of the mHTT categories is presented.
The distortion of the nuclear envelope by perinuclear inclusions appears similar to the engulfing of viral particles by the cytoplasmic membrane (57) . We considered the possibility that perinuclear inclusions plunging into the nucleus might be involved in a novel 'endonucleosis-like' process, resulting in conversion of perinuclear inclusions into intranuclear inclusions. If so, a sign that this occurred would be bona fide intranuclear inclusions surrounded by NPCs. However, no evidence of NPC staining with any of the intranuclear inclusions was evident (Fig. 2) . Further, time-lapse imaging shows that despite their causing severe distortion of the nuclear envelope, perinuclear inclusions appear unable to convert to nuclear inclusions. It is worth noting that inclusions pushing into the nuclear envelope can be incorrectly categorized as intranuclear in the absence of confocal analysis or other measures to correctly classify them.
In the region where the perinuclear inclusion impinges on the nuclear membrane, the membrane is disrupted (Fig. 5) . Two possible mechanisms of nuclear disruption include (1) simple mechanical stress or (2) a localized urea-like denaturing propensity recently proposed for polyglutamine structures (9) . The point of interaction between inclusions and the nuclear membrane was not coincident with the location of the microtubule-organizing center, a potential source of mechanical stress, as revealed by staining with anti ß-tubulin antibodies (not shown). On the other hand, the nuclear membrane appears to simply fade or dissolve at the point where inclusions intimately interact with the membrane (see, e.g. Fig. 5Cd and Dd). This observation is consistent with a model in which the polyQ inclusion creates a localized denaturing environment (9) . Interestingly, we have never observed a nuclear inclusion disrupting the nuclear membrane.
We find that, in the striata of R6/2 mice, perinuclear mHTT inclusions are associated with cytotoxicity whereas nuclear inclusions appear to be well tolerated. This is consistent with other studies underscoring the importance of cytoplasmic mHTT in the pathogenic process (8, 58) .
Perinuclear inclusions are accompanied by re-entry into the cell-cycle and neuronal death; nuclear inclusions are not
The appearance of cell-cycle markers in the striata of both 20-and 28-week-old mice challenged with mHTT is strictly correlated with the presence of perinuclear inclusions (Fig. 6) . In contrast, no cells with diffuse mHTT or with intranuclear inclusions exhibited cell-cycle markers at any time (Tables 1 and 2) . By 36 weeks, cells with perinuclear inclusions and cell-cycle markers have disappeared from the striata suggesting that these cells may have died (Fig. 6A and B and Tables 1 and 2 ). Similarly, in primary cortical neurons expressing mHTT, cells with perinuclear inclusions were also positive for cell-cycle markers and roughly half of them were dying as revealed by their inability to keep vital dyes from entering the cell (Fig. 7) .
Adult CNS neurons are post-mitotic, and the absence of cell division is believed to be a core feature of neuronal identity. Our observations are consistent with studies showing that neurons, in response to various stressors, reenter the cell cycle, arrest at G2/M and eventually die (59) (60) (61) (62) (63) (64) . It is also well established that activation of CDK5 by Aβ inclusions contributes to neurodegeneration in Alzheimer's disease (36) by causing affected neurons to reenter the cell cycle, arrest at G2/M and undergo apoptosis (64) . Engineered activation of the cell cycle in a Drosophila model of tauopathy was sufficient to induce neuronal apoptosis (65) . Such cell-cycle alterations have also been found in other models of neurodegenerative diseases including Parkinson's disease (61, 66) , ALS (61) and others (67, 68) .
In the case of HD, relatively little is known regarding the dysregulation of the cell cycle and neuronal death in response to mHTT expression. An increase of E2F-1 and cyclin D1 found in HD brain samples suggests activation of the cell cycle in patients (60) . Disruption of the nuclear membrane may well be the cellular stressor that causes mature neurons to reenter the cell cycle. The relatively small fraction of striatal cells that exhibit perinuclear inclusions in the mouse may partially reflect the fact that there is less overt cell loss in HD-affected mouse brains than that in humans (69) . Indeed, in postmortem human samples, the fraction of striatal cells with nuclear inclusions remains low even in higher grade samples (1-4%) whereas the fraction of cells with nuclear inclusions in the cortex (which is less impacted) increases with increasing grade (14) . It may be that differences between mouse and man in the factors that dictate the subcellular distribution of mHTT account for the greater sensitivity of the human versus the mouse striatum to mHTT insult. Significantly, re-activation of cell-cycle markers was only detected in symptomatic mice at early (20 weeks) and middle (28 weeks) stages of pathogenesis but not in the late-stage mice (36 weeks) ( Tables 1 and 2 ) when rotarod performance has declined and death is imminent. If the human pathology follows that seen in the mouse, late-stage postmortem human brain tissue may be depleted of perinuclear HTT-containing cells that have died.
Mechanisms of pathogenesis
Two events correlate with the progressive loss of motor function: (1) the loss of cells with perinuclear inclusions, and (2) an increase in cells with nuclear inclusions. Our observations suggest that perinuclear inclusions cause a re-activation of the cell cycle and lead to neuronal death. However, the functional consequences of nuclear inclusions are less obvious. It is formally possible that nuclear inclusions confer a cellular survival advantage, thus accounting for the increase in cells with nuclear inclusions over time, but that such cells are dysfunctional and, although they do not die, the putative dysfunctionality of these neurons could be contributing to various aspects of HD pathology (although overt loss of neurons remains the ultimate dysfunctional event).
In summary, these studies reveal dynamic changes in the distribution of mHTT during the course of disease progression and suggest a model in which perinuclear inclusions contribute to the death of striatal cells through disruption of their nuclear membranes and activation of the cell cycle. As the formation of nuclear and cytoplasmic inclusions are mutually exclusive (Figs 1 and 2) , and our data suggest that only a small fraction of cells harbor perinuclear inclusions at any given time in vivo, these observations provide a mechanistic explanation for the slow, progressive degeneration seen in striatal tissues during HD pathogenesis. 
Materials and Methods

Plasmid constructs
For construction of the plasmids HTTex1p25Q-GFP and HTTex1p97Q-GFP, exon 1 cDNAs encoding wild-type and mutant human Htt exon 1 fragment, respectively, were tagged with GFP at the C-termini and cloned into the pcDNA3 vector. To construct myc-tagged variants, PCR fragments amplified from HTTex1p25Q-GFP and HTTex1p97Q-GFP were cloned into the vector pEF-myc (Invitrogen), resulting in HTTex1p25Q-myc and HTTex1p97Q-myc, respectively, with the myc tag attached to the C-termini of the HTT fragments. The compositions of all plasmids were verified by DNA sequencing before use.
Antibodies
The sources and working dilutions of the primary antibodies were as follows: MAb414 (1 : 1000) was a mouse monoclonal antibody against the NPC protein, nucleoprotein 62 (Nup-62, Covance). Anti-c-myc (A-14; 1 : 1000), anti-CDK5 (C-8; 1 : 100) and anti-cyclin B1 (H-433, 1 : 100) were all from Santa Cruz Biotech. 
Transgenic HD mice
Transgenic HD mice, B6CBA-Tg(HDexon1)62Gpb/2J (R6/2-J2), were acquired from Jackson Laboratories (Bar Harbor, ME). These mice initially expressed exon 1 of human HTT with 250 CAG (glutamine) repeats, but the length of the repeats increased to longer than 250 CAGs as the mice aged. These mice had a longer life span (36-40 weeks) than that reported for the original R6/2 strain (29) . Onset of HD symptoms in these mice was apparent from ∼ 20 weeks of age based on the rotarod behavioral test. Rotarod performance was tested at different time intervals by testing how long each mouse could remain on a 16-rpm rotating rod over a 120-s interval. Two replicates of 9 wt and 8 Tg mice (34 total) were tested on the weeks indicated in Figure 1 . Each mouse was given three trials, and the longest latency was recorded for the studies shown here. Mouse deaths were accompanied by decreased body weight and brain atrophy.
Immunofluorescent staining and quantification of brain sections from R6/2 mice Brain sections were prepared following standard procedures. Briefly, brains from R6/2 and wt mice were prepared and 8 µm sections along the rostrocaudal axis spanning the striatum were prepared. After rinsing in PBS, slides containing the brain sections were immersed in 1% sudan black solution for 7 min and washed with 50% isopropanol/H 2 O until the samples became clear. Slides were then treated with 5% FBS in PBST (PBS plus 0.2% Tween-20) for 60 min at room temperature, followed by incubation with one or more of the primary antibodies (including anti-human HTT, anti-cyclin B1, anti-CDK5, anti-NeuN, anti-GFAP, anti-DARPP32 and anti-ChAT) in PBST overnight at 4°C. The sections were then rinsed five times in PBST and incubated for 1 h with Alexa Fluor 488-, 546-or 647-labeled donkey antimouse, anti-rabbit, anti-rat or anti-goat IgG. The sections were analyzed in the confocal laser-scanning microscope (Carl Zeiss LSM510) as described earlier for the HEK 293T cells.
To count the number of neurons, MSN-type cells and cells with mHTT inclusions in the striatal area of the brain, a total of 10 sections, from every fifth section covering the middle region of the striatum, were co-stained with anti-NeuN, anti-DARPP32 and anti-human HTT. For each staining, three R6/2 and three wt mice at each age were used (72 total). For the cyclinB1 and CDK5 studies, five R6/2 and five wt mice at each age were stained with the respective antibody. Sections were analyzed using a Zeiss LSM510 confocal microscope.
Cell culture and DNA transfection HEK 293T cells were grown in Dulbecco's Modified Eagle Medium (Invitrogen) with 10% fetal bovine serum (Biological Industries). ST14A cells (embryonic day 14 rat striatal primordial cells expressing SV40 large T Antigen) were grown in Dulbecco's Modified Eagle Medium (high glucose, Hyclone) with 10% fetal bovine serum at 33°C. The HEK 293T cells were transfected with the plasmid DNAs using the calcium phosphate co-precipitation method, whereas ST14A cells underwent transient transfection by Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Primary cortical neurons were prepared as described (70) . All experiments were performed 5 days after plating. The cortical primary cultures were transfected with HTTex1p97Q-GFP after 5 days in vitro (DIV 5) and analyzed at DIV 7 by staining with DAPI (blue), anti-human HTT (green), anti-CDK5 (yellow) and EthD-1 (red).
Immunofluorescence analysis of HEK 293T and ST14A cells HEK 293T cells and ST14A cells were washed in PBS before fixing with 4% paraformaldehyde. The cells were then incubated with primary antibodies overnight at 4°C, followed by incubation with Alexa Fluor 546-and Alexa Fluor 647-conjugated secondary antibodies for 2 h. After incubation with DAPI (4′,6′-diamidino-2-phenylindole; Molecular Probes) to visualize the nuclei, the cells were mounted in Vectashield (Vector Laboratories) and imaged with a Zeiss LSM 510 META microscope using the MetaMorph software (Meta Imaging Series version 6.1; Universal Imaging Corporation).
Time-lapse imaging of HEK 293T cells
HEK 293T cells were cultured on coverslips and transiently transfected with HTTex1p97Q-GFP. At 24 h post-transfection, the cells were placed into the POC-R closed chamber (Live Cell Cultivation System, Major Instruments Co.) and imaged with a Zeiss PASCAL microscope with continuous recording of the cell fates for up to 20-30 h. The images were analyzed using MetaMorph software.
Electron microscopy
For EM and IEM, the cells were transiently transfected with HTTex1p97Q-GFP or HTTex1p97Q-myc, and harvested 48 h later. For conventional EM, the cells were trypsinized and fixed in 2.5% glutaraldehyde followed by 2% osmium tetroxide, dehydrated, prestained with 2% uranyl acetate in acetone and embedded in Poly/Bed 812 (Polysciences) according to the standard protocols. For IEM, the cells were fixed in 2% paraformaldehyde, treated with uranyl carbonate and embedded in LRGold (London Resin Co., London, UK). For immunocytochemical labeling, nonspecific binding on the sections was reduced by blocking with Human Molecular Genetics, 2015, Vol. 24, No. 6 | 1613 donkey serum. Sections were then incubated with appropriate primary antibodies followed by incubation with secondary antibodies (Jackson ImmunoResearch) at two different gold-tagged sizes (12 nm for anti-NPC and 18 nm for anti-myc) before being stained with uranyl acetate and lead hydroxide. Transmission electron microscopy images were acquired using a Tecnai G2 Spirit TWIN (FEI Company).
Staining of death markers in transfected cells
HEK 293T cells were cultured on 12-well dishes (Costar) and transiently transfected with HTTex1p97Q-GFP. After 48 h, cells were co-stained with either Hoechst 33342 (1 ug/ml, Invitrogen) plus the death marker PI (1 mg/ml, Calbiochem) or with Hoechst plus ethidium-homodimer-1 (2 µ/ml, Molecular Probes) in PBS for 10 min. The images were taken at 40× magnification using an Imagexpress XL (molecular device) and analyzed using the MetaXpress software.
Supplementary Material
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